L-asparaginase (E.C.3.5.1.1) is an enzyme responsible for hydrolysis of L-asparagine into aspartic acid and ammonia, and has its significant applications in the therapeutics and food technology. It was produced by the marine Aspergillus terreus and precipitated by 65% ammonium sulphate, followed by purification using gel filtration on Sephadex G-100 and DEAE-cellulose ion exchange chromatography, which yielded 11.96 fold purification. The molecular weight of the purified L-asparaginase was approximately 85 kDa, determined by a sodium dodecyl sulphate polyacrylamide gel electrophoresis. L-asparaginase showed high affinity for L-asparagine with a Km of 31.5 mM and Vmax of 500 U/ml. The optimum pH and temperature of the purified enzyme were 5.8 and 40 o C, respectively. The L-asparaginase enzyme was stable from pH 4 to 5.8 and stable up to 70 o C. The effect of activators and inhibitors was studied providing that CdCl 2 , Pb Cl 2 , and Hg Cl 2 strongly inhibited the enzyme activity, while Na Cl highly enhanced activity. Anticancer activity of the purified L-asparaginase was detected against HCT-116, Hep-G2 and MCF-7 cell lines with IC 50 ranged from 3.79-12.6 µg/ml.
INTRODUCTION
In recent years, L-asparaginase (L-asparagine amidohydrolase, 3.5.1.1) has gained more attention as chemotherapeutic agent with different applications in cancer treatment 1, 2 . It is mainly produced by microorganisms 3, 4 . Different species of fungi as Fusarium, Aspergillus, and Penicillium 5 are the major producers. L-asparaginases from E. coli and Erwinia carotovora are the most available for medical use, but most of these treatments have low stability 6 . L-asparaginase production with different characteristics and fewer side effects were reported from eukaryotic microorganisms, which are advantageous for its application 7 . In the last years, fungal genera such as Fusarium, Aspergillus, Penicillium have been known as source of L -asparaginase [8] [9] [10] . Moreover, fungi isolated from marine environments, are recommended as L -asparaginase producers 11 . Different studies reported the interesting potentiality of Aspergillus species to produce significant amounts of L-asparaginase [12] [13] [14] .
Therefore, the aim of the current study is to purify L-asparaginase from filamentous fungus Aspergillus terreus isolated from marine environment and to investigate its properties and anticancer activity for future medical applications.
MATERIALS AND METHODS Strain and chemicals
The fungus A. terreus used in the current investigation, was isolated from Red sea, Egypt 15 . The substrate L-asparagine, DEAE-cellulose and Sephadex G-100 were procured from Sigma (Sigma-Aldrich, USA). All the chemicals were of analytical reagent grade.
Production of L-asparaginase by A. terreus
The maintained culture of A. terreus on potato dextrose agar (PDA) slants was used for inoculum preparation and production of L-asparaginase using modified Czapek,s-Dox medium 15 . 3 ml spore suspension (10 6 /ml) was used to inoculate 50 ml of the broth medium, followed by culture incubation at 35°C under static condition for 5 days.
Assay of L-asparaginase activity
Estimation of the liberated ammonia during catalysis of asparagine by L-asparaginase using Nessler's reagent was used as indication of L-asparaginase activity. The reaction mixture contained 0.5 ml of crude sample, 0.04 M L-asparagine and 0.05 M acetate buffer (pH 5.4), which incubated for 10 min at 35°C. 0.5 ml of 1.5 M TCA (trichloroacetic acid) solution was added to stop the reaction. The coupled liberated ammonia with Nessler's reagent was determined spectrophotometry at 500 nm. The amount of L-asparaginase that caused liberation of one micromole of ammonia using the assay conditions was recorded as international unit of L-asparaginase 16 
Protein determination
Estimation of protein was carried out according to the method of Lowry et al. (1951) 17 .
Partial purification of L-asparaginase
The purification steps were performed at 4 o C. The supernatant containing the extracellular enzyme was collected after centrifugation at 6,000 rpm for 20min and treated with solid ammonium sulphate saturation ( 35, 50, 65 , 75 and 85% ) with continuous overnight stirring and precipitation of proteins. 50 mM Tris-HCl buffer (pH 7.5) was used to dissolve the precipitates. The enzyme solution was dialyzed against the same buffer for 24h with several changes to remove the salt then assay of enzyme activity was done as previously mentioned 16, 18 .
Gel filtration chromatography
Ammonium sulfate fraction resulted after dialysis was applied to Sephadex G-100 column (2.5 X 45 cm) that was pre-equilibrated with 50 mM Tris -HCl buffer, pH 7.5. The protein elution was done with the same buffer at a flow rate of 3 ml/min 19 . The collected fractions of L-asparaginase were pooled at 4°C, followed by determination of protein at 750 nm and L-asparaginase activity.
Ion exchange chromatography
The pooled fractions from gel filtration column exhibited the highest specific activity were exposed to an anion exchange chromatography using DEAE cellulose column (1.5×15cm) preequilibrated with the Tris-HCl buffer (50 mM; pH 7.5). The first step was washing of the unbound proteins with free-NaCl Tris-HCl buffer 50mM; pH 7.5. The second step was gradient elution using Tris-HCl buffer containing NaCl (1M) at flow rate of 1 ml/min followed by collection and lyophilization.
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Characterization of L-asparaginase Determination of molecular weight of the purified enzyme
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was applied to determine the molecular weight of the purified L-asparaginase as was described by Laemmli (1970) 20 .
Substrate specificity
Various substrates included L-asparagine, L-glutamine, L-aspartic acid and L-glutamic acid were prepared in 50 mM acetate buffer pH 6.0. Each substrate was added separately to the enzyme and incubated for 30 min at 35°C , then activity of the enzyme was estimated each time.
Effect of different substrate concentrations
Asparagine concentration used in the reaction mixture was varied in a range of 10-100 mM. The reaction was done at 35°C and pH 6.0 for 20 min.
Determination of kinetic constants
Lineweaver and Burk (1934) 21 method was used to estimate the kinetic parameters. The Michaelis-Menten constant (Km) and maximal velocity (Vmax) were estimated using the Michaelis-Menten equation:
Where V1 is the reaction velocity, [S] is the substrate concentration, Km is the substrate concentration at half-maximal velocity, and Vmax is the maximal velocity.
Effect of pH on L-asparaginase activity and stability
Different ranges of pH were prepared using 50 mM acetate buffer (3.6-5.4), 50 mM phosphate buffer (5.6-8.0) and 50 mM sodium carbonate buffer (9.2-10.7). The activity of the purified L-asparaginase was tested in the range between pH 4 and pH 10. pH stability was studied by pre incubation of the purified enzyme in buffer ( pH 3.6 -pH 10.7) in absence of the substrate for 12 h at room temperature. The residual activity was determined at time intervals under optimum conditions. 100% enzyme activity (at optimum pH) was considered as control.
Effect of temperature on L-asparaginase activity and stability
Activity of the purified L-asparaginase was estimated at various temperatures ranging from 25°C to 60°C. Stability of the purified enzyme at different temperature (40°C to 70°C) was studied by incubating the enzyme for 15, 30 and 60 min separately for each tested temperature. The residual activity was determined in each case using standard conditions and compared with control.
Effect of metal ions, inhibitors and surfactants on L-asparaginase activity
Pb 2+ , Zn 2+ , Na + , K + , Fe 2+ , Cu 2+ , Mg 2+ , Ca 2+ , Hg 2+ , Cd 2+ and EDTA were tested for their effect on L-asparaginase activity. Each solution at (1, 5, 10mM) concentration was mixed separately and incubated with the purified enzyme for 2h and the residual activity of the enzyme was recorded and compared with control (absence of surfactants or metal ions or inhibitors).
Anticancer activity of the purified L-asparaginase
To study the anticancer activity of the purified L-asparaginase produced by A. terreus against three cell lines namely, Hep-G2 (human Hepatocellular carcinoma), MCF-7 (human mammary gland adenocarcinoma) and HCT-116 (colon carcinoma), different steps of lyophilization, cytotoxicity test (measured by MTT assay) and effect of the median inhibitory dose (IC50) were carried out 22, 23 .
RESULTS AND DISCUSSION Precipitation of crude enzyme with ammonium sulphate
The first step of enzyme purification occurred by fractional precipitation with ammonium sulphate (35, 50, 65, 75, 85%) . It was observed that 65% ammonium sulfate fraction exhibited the highest L-asparaginase activity and recovery of protein. An increase in the enzyme activity from 27.96 to 76.76 U/mg protein with 2.75 fold purification was observed after precipitation with ammonium sulphate (65% precipitate fraction) and dialysis, Similar report was for L-asparaginase from Pseudonocardia endophytica VUK-10 24 . Different previous studies recommended ammonium sulphate for L-asparginase precipitation 25, 26 .
The 65% fractional precipitation using ammonium sulfate was followed by gel filtration.
Results showing the profiles of L-asparaginase elution and protein from the Sephadex G-100 column are presented in Figure 1A and indicated the presence of four peaks. The highest L-asparaginase specific activity (152.92 U/mg Journal of Pure and Applied Microbiology protein) was observed in the second peak.
Ion exchange chromatography
Fractions with the highest activity (numbers 14-18) from the Sephadex G-100 column were further purified using DEAE-column chromatography ( Figure 1B ). 1.96-fold increase in specific activity was obtained. A summary of L-asparaginase purification from A. terreus is illustrated in Table 1 . Purification of fungal L-asparaginase from Mucor hiemalis was achieved with 4.59 purification fold, 18.46% recovery and a specific activity of 69 U/mg protein 27 and from Penicillium brevicompactum NRC 829 with151.12 fold, 39.90% recovery and specific activity of 574.24 U/mg protein 28 . 
Characterization of purified L-asparaginase produced by A.terreus Molecular weight of L-asparaginase by SDS-PAGE.
Standard molecular weight markers (molecular mass range: 15-170 kDa) were used for comparing the molecular weight of the purified L-asparaginase. Figure 2 represents SDS-PAGE of the purified L-asparaginase , showing only one protein band at approximately 85 KDa which is comparable to that purified from Streptomyces noursei 29 , which had a molecular weight of 85 KDa. Different studies reported different molecular weights of L-asparaginase purified from different microorganisms 25, [30] [31] [32] .
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Substrate specificity
The substrate specificity is an important in the application of the enzymes as diagnostic tools. Among different substrates tested, the enzyme showed high specificity (268.5 U/mg protein) towards L-asparagine, low specificity (48.51) for L-aspartic acid, while absence of activity was detected using L-glutamic acid and L-glutamine (Figure 3 A) . These results are close to the L-asparaginase obtained from Fusarium culmorum ASP-87 33 .
Effect of different substrate concentration
The effect of different concentrations of L-asparagine (ranged from 10 to 100 mM) on the purified L-asparaginase activity was detected. The increase in the substrate concentration (10 to 60 mM) caused an increase in the activity of L-asparaginase followed decrease in the enzyme activity. The data represented in Figure 3B revealed that the optimum substrate concentration for the purified enzyme was 60 mM, which gave the highest L-asparaginase activity (388.77 U/ mg protein). Further increase of substrate concentration yielded slightly lower enzyme activity. Lineweaver and Burk (1934) 21 method was applied to estimate both Km and Vmax values of the purified enzyme showing Km of 31.5 mM toward L-asparagine and Vmax of 500 U/ml ( Figure 3C ). Km value (2.56 µM) was reported for L-asparaginase from Trichoderma viride PERS 34 . Another study by Singh et al. (2017) 35 reported that Km and Vmax for L-asparaginase were found to be 6.09 mM and 88.12µM/min, respectively.
Effect of pH on enzyme activity and stability
Activity and stability of purified enzyme is affected by pH, because it has an effect on the ionic form of the active site. L-asparaginase activity was estimated at different values of pH under standard conditions. Results in Figure 4A showed that increase in initial pH of the reaction 36 who demonstrated that pH 6.0 was the favorable for maximum L-asparaginase activity produced by marine Aspergillus sp. ALAA-2000. pH 5.0 to 9.0 were also reported to be optimum for L-asparaginase activity 37 . The maximum L-asparaginase activity produced from various fungi was recorded at pH 8.0 33, 34, 38 . Results in Figure 4 B showed the stability of L-asparaginase over the tested pH range (4-10).
Effect of temperature on enzyme activity and stability
Evaluation of L-asparaginase activity was carried out at a range of temperature (25°C -60°C). It was observed that the favorable temperature for the maximum L-asparaginase activity (456.65 U/mg protein) was 40°C ( Figure 5A ). However, decrease in the activity was observed with increase in temperature. The results in the current study are parallel with Loureiro et al., (2012) 39 and Jalgaonwala and Mahajan (2014) 38 who concluded that the optimum temperature for the highest L-asparaginase activity of Aspergillus terreus and Eurotium sp.was observed at 40 o C. The same was reported by many workers for Streptomyces griseoluteus 40 , Aspergillus nidulans 41 and Fusarium culmorum ASP-87 33 34 showed that the optimum temperature for L-asparaginase activity produced by Trichoderma viride, Penicillium brevicompactum NRC 829 and Mucor hiemalis was 37°C. The current results indicated the thermo stability of the purified L-asparaginase in absence of substrate. At 50°C, it retained 89.54% of its activity, while it retained 62.47% and 81.60% at 70 and 60 °C, respectively after 60 min ( Figure 5B ). The present finding obtained for L-asparaginse produced by marine Aspergillus terreus was found to be more stable than L-asparaginase produced from Aspergillus sp. ALAA-2000 and Fusarium culmorum ASP-87 36 ,33 . The half-life time (T 1/2 ) was 2826.90 min at 50 °C, while being 88.41 min at 70 °C. Similar results were recorded with Streptomyces noursei 29 (Dharmaraj, 2011) and Streptomyces fradiae NEAE-82 42 . Kumar and Selvam (2011) 43 reported the highest L-asparaginase activity from Streptomyces radiopugnans when the enzyme was pre-incubated at 40 °C for one hour.
Effect of different inhibitors and activators on L-asparaginase activity
Among the tested metals ( Figure 6 ), MgSO 4 and KCl (1.0 and 5.0 mM) had no effect on activity of the enzyme. However, at 10.0 mM they caused increase in the activity by 27.33% and 37.16%, respectively. Dias et al. (2016) 44 reported that the purified l-asparaginase produced by Aspergillus oryzae CCT 3940 was activated in the presence of MgSO 4 and MnSO 4 , at a concentration of 5 mmol/l. It was reported that activated effect of Mg 2+ may be due to substrate activation, direct bound to the enzyme-substrate complex, causing rapid release of the reaction products 45 . The enzyme activity was increased to 50.75 and 71.84%, respectively during the presence of NaCl at 5 and 10 mM. The presence of ZnSO 4 and CaCl 2 (1.0, 5.0 and 10.0 mM) had weak effect on the enzyme activity. A slight decrease in L-asparaginase activity was observed in case of FeSO 4 and CuSO 4 at concentration of 10mM. The highest reduction was 32.19, 30.33 and 26.19% caused by CdCl 2 , PbCl 2 and HgCl 2 (at 10 mM), respectively. In parallel study, Ali (2009) 46 36 and Kumar and Selvam (2011) 43 who observed the activation of the L-asparaginase produced by Streptomyces radiopugnans when EDTA was added. Contrary, Lincoln et al. (2015) 34 reported 88% inhibition of L-asparaginase activity by EDTA. Moreover, inhibition of L-asparaginase activity produced by Streptomyces bollosae NEAE-115 was detected in the presence of EDTA, reducing the activity by 37.55% 47 .
Cytotoxicity and anticancer activities of the purified L-asparaginase
The cytotoxicity of purified L-asparaginase was tested on human HCT-116, Hep-G2 and MCF-7 tumor cells. The obtained results concluded that the inhibition of cell viability with L-asparaginase was dose dependent and different cytotoxic activity against HCT-116, Hep-G2 and MCF-7 was observed with IC 50 ranged from 3.79-12.6 µg/ml. The anti-proliferative activity of L-asparaginase on cancer cells was estimated on HCT-116, Hep-G2 and MCF-7 cells. The obtained data indicated that, the activity of asparaginase against Hep-G2 was superior to that with either HCT-116 or MCF-7 cells (Figure 7 ). Our results agree with Moharib 42 studied the activity of L-asparaginase against CACO 2, HeP 2, HePG 2 cancer cells and reported that IC 50 was 2 -4 U/ml with the highest activity against CACO 2. Anticancer activity of L-asparaginase was reported in different studies [49] [50] [51] . Anticancer activity of L-asparaginase may be attributed to proliferation inhibition of the cancer cell lines that could arrest the cell cycle and generate apoptosis as was reported by Moharib (2018) 48 . 
